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R157based on the errors experienced in
combination with the actual motion
states that led to those errors. The
authors effectively demonstrate in
their paradigm that the patterns of
generalization associated with motor
adaptation match those predicted
by adaptation related to the actual
movement, rather than the planned
movement. At first glance, these results
seem to contradict the results of
Hirashima and Nozaki [10]. However,
one could speculate that, if the actual
movement one learns includes the
movement of the displayed cursor, the
formation of distinct internal models
could be possible.
Although it is often assumed that
the interference seen in A – B – A motor
learning paradigms arises because of
a limitation in learning multiple internal
models, Krakauer and colleagues [14]
have suggested an alternative account:
that interference arises froma limitation
in retrieving the correct model from
memory. This, of course, is a
well-established phenomenon in other
areas of learning and memory and has
a historywithin psychology dating back
over 100 years to the seminal work of
Ebbinghaus [17] and Bergstrom [18].
Within this framework, the deficits
observed when participants attempt to
learn two distinct internal models for
a single set ofmovement kinematics are
not a result of a difficulty in creating the
model, but rather result from
interference that occurs at the time of
model retrieval. In the typical A – B – A
paradigm, the samegoal in visual space
becomes associated with two possible
internalmodels, with few cues available
to guide the appropriate recollection. In
explaining the results of Hirashima and
Nozaki [10], such a framework would
suggest that the presence of two goals
in extrinsic space provides a definitive
memory cue allowing the recall of the
appropriate internal model at the
appropriate time. However, it is unclear
why the location of the target in the
work of Hirashima and Nozaki [10]
would act as a sufficient memory cue,
when features such as the shape, color,
size and even the location on the body
to which the perturbation is applied
have all had limited success as
contextual cues in the learning and/or
retrieving of distinct internal
models [6,19,20].
In summary, the new work of
Hirashima and Nozaki [10] effectively
demonstrates that the motor system
is more flexible than previous studieshave suggested when it comes to
adapting to novel environments.
Further, this is an exciting time for
the field, with a number of testable
hypotheses coming to light, providing
a multitude of plausible frameworks to
explain these new research findings.
In addition to theoretical accounts,
future research will no doubt begin to
identify the neurological systems
that are responsible for this new
found ability and will invariably
provide knowledge that could
have a wide-ranging impact on
understanding typical and atypical
human motor performance, robotic
control systems, and rehabilitation
regimens.
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Case?Molecular events in the clamp-loading reaction pathway of DNA replication are
revealed by new crystal structures of bacteriophage T4 clamp
loader–clamp–DNA complexes that capture two distinct conformations with
the clamp open and closed.Linda B. Bloom1
and Jaclyn N. Hayner1
The duplication of an entire genome
prior to cell division requires arapid and efficient mechanism for
replication of DNA (reviewed in [1,2]).
DNA polymerases are capable of
incorporating nucleotides at rates
rapid enough to support genome
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Figure 1. A cartoon diagram of a generic clamp loader forming ternary clamp loader–clamp–DNA intermediates during the clamp-loading
reaction cycle.
Individual subunits are designated as A–E as indicated in the left-hand panel. Intermediate complexes enclosed in brackets are cartoon
representations of the two complexes crystallized by Kelch et al. [8].
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R158duplication, but dissociate frequently
from the DNA template, and therefore
lack the processivity to efficiently
replicate an entire chromosome. This
limitation is overcome by binding of
the polymerases to sliding clamps,
ring-shaped protein complexes that
encircle and slide along DNA [3,4],
thereby preventing polymerase
dissociation from the template.
Sliding clamps do not spontaneously
assemble onto DNA, but must be
loaded by the activity of clamp loaders
[5]. The clamp-loading reaction is a
quite complex and indeed amazing
process (reviewed in [6,7]). During
a single clamp loading reaction cycle,
clamp loaders bind and open clamps,
chaperone open clamps to DNA, and
deposit closed clamps at primed
template junctions where DNA
polymerases will begin DNA synthesis.
Recently reported [8] crystal structures
of the bacteriophage T4 proteins
capture two intermediate complexes
in this reaction. Both are ternary clamp
loader–clamp–DNA complexes, but the
clamp is in an open conformation in
one and closed in the second. These
structures provide an elegant view of
the molecular interactions by which
clamp loaders place open clamps on
DNA, as well as of the conformational
changes that prompt clamp closing.
Clamp loaders, like other members
of the AAA+ superfamily of ATPases
(reviewed in [9]), are mechanoenzymes
that couple ATP binding and hydrolysis
to mechanical reactions. ATP binding
promotes clamp binding and opening,
as well as DNA binding, whereas
ATP hydrolysis stimulates release ofthe clamp on DNA. AAA+ proteins
form oligomeric complexes with ATP
binding sites located in conserved
AAA+ modules at the interfaces of
adjacent subunits. Earlier structural
studies revealed that the five core
clamp loader subunits (designated
as A–E) are arranged in a ring in which
the carboxy-terminal domains are
tightly packed (Figure 1) [10,11]. The
amino-terminal AAA+ modules form
an open ring giving clamp loaders a
cap-like appearance.
By using an ATP analog, ADP-BeF3,
the bacteriophage T4 clamp loader was
caught in a complex with both the
clamp and a primed template (Figure 2)
[8]. As in the structure of the E. coli
clamp loader bound to DNA [12],
duplex DNA enters the clamp loader
through the opening on the N-terminal
face and the single-stranded template
overhang exits via a gap between the A
and E subunits. The AAA+ modules of
the clamp loaders are arranged in
a spiral geometry matching the pitch
of the helix. Residues in the AAA+
modules largely interact with the
template strand, and the first four
nucleotides of the single-stranded
template interact with residues in the
A subunit near the exit channel.
In their new paper, Kelch et al. [8]
report not only the first high-resolution
structure of a ternary complex, but also
the first structure that captures the
clamp in an open conformation,
revealing interactions required for
clamp opening (Figure 2A). The
bacteriophage T4 clamp is a
ring-shaped trimer [13,14]. Residues
at the ends of the AAA+ modulesfrom each of the five clamp loader
subunits bind the surface of the
clamp in a manner analogous to all
five fingertips of a hand touching
a surface. The clamp is opened at
a single interface and the opening is
aligned with the gap between A and E
subunits. The A subunit in the T4 clamp
loader contains a carboxy-terminal
extension, the A0 domain, which is
present in the Saccharomyces
cerevisiae clamp loader but not that
of Eschericia coli (Figure 2). The A0
domain interacts with the surface of
the clamp near the open interface, and
this additional interaction may help
stabilize the open clamp.
Because of the spiral geometry of the
AAA+ modules of the clamp loader,
the clamp is opened out of the plane
of the ring, and spirals with the DNA.
Thus, both the clamp and clamp loader
match the geometry of the DNA helix to
recognize this structure. Out-of-plane
clamp opening is accomplished by
twisting individual subunits with the
largest twist angle (about 13) present
in the subunit opposite the open
interface. The opening in the clamp is
about 9 A˚ wide, seemingly too narrow
to accommodate duplex DNA. Kelch
et al. [8] suggest two possible
mechanisms by which DNA enters
open clamp loader-clamp complex:
either the single-stranded template
enters the gap in the clamp and duplex
DNA threads through the bottom of the
complex; or the major groove of the
helix at the primer template junction
could twist through the gap in the
clamp. It is also formally possible
that the clamp is open to a greater
Figure 2. Space-filling models of clamp loader complexes from bacteriophage T4, E. coli, and
S. cerevisiae.
Clamp loaders, clamps, and DNA in each panel are colored using the scheme in Figure 1.
(A) Bacteriophage T4 gp44/62 clamp loader bound to an open gp45 clamp and a primed
template (PDB ID: 3U60 [8]). (B) E. coli g3d d
0 clamp loader bound to a primed template
(PDB ID: 3GLF [12]). (C) Bacteriophage T4 gp44/62 clamp loader bound to a closed gp45
clamp and a primed template (PDB ID: 3U61 [8]). (D) S. cerevisiae RFC clamp loader bound
to a closed PCNA clamp (PDB ID: 1SXJ [10]).
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complex prior to DNA binding [15],
but fluorescence-resonance energy
transfer (FRET) studies with the yeast
clamp loader suggest this may not be
the case [16].
The structure of a second ternary
complex suggests a mechanism by
which sequential hydrolysis of ATP
molecules promotes clamp closure
prior to clamp release (Figure 2C). In
the second complex, ADP is bound to
one of the subunits (B), the ATP analog
is bound to the other two (C and D),
and the clamp exists in a closedconformation. The AAA+ module of
the B-subunit disengages from
interactions with the C-subunit and
from a binding pocket on the surface
of the clamp. These changes alter
the conformation of the clamp
loader-clamp complex sufficiently
to allow clamp closure. Additionally,
the residues in the AAA+ module of
the B subunit move farther from DNA.
If similar changes occur in each
subunit, then sequential hydrolysis of
ATP at each site would sequentially
disengage clamp loader subunits from
interactions with the clamp and DNA,allowing the clamp to close before
the clamp and DNA are completely
released by the clamp loader.
During the clamp loading reaction
cycle, the clamp loader likely exists
in several distinct conformational
states that favor each step in the
reaction. The new structures [8] reveal
two unique conformational states, and
raise the question of whether these
conformations differ from those at
other steps in the cycle. How does DNA
binding alter the structure of a clamp
loader-clamp complex to trigger ATP
hydrolysis? Does clamp binding alter
the conformation of the clamp loader to
increase its affinity for DNA? Answers
to these and other questions await
further exciting structural studies, and
it is clear that the mechanism of clamp
loading is not a simple ‘open and
closed case’.References
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Mind Getting It WrongA recent study has found that toddlers do not compensate for an artificial
alteration in a vowel they hear themselves producing. This raises questions
about how young children learn speech sounds.Piers Messum1 and Ian S. Howard2
When adults hear themselves over
headphones, they compensate for
experimental manipulation of the
qualities of their vowels [1]. Given that
children are widely believed to learn
speech sounds by imitation [2,3], one
would expect toddlers, too, to be
monitoring their output. However,
MacDonald and colleagues [4] have
recently reported in Current Biology
that when toddlers intend to say ‘‘bed’’,
they seem indifferent to their output
sounding like ‘‘bad’’.
MacDonald et al. [4] tested the
self-regulation of speech by adults,
young children (mean age 4 years
3 months) and toddlers (mean age 2
years 6 months). The younger subjects
played a video game, where
a character moved in response to the
‘magic’ word ‘‘bed’’; adults simply said
the word. All spoke into a microphone,
wore headphones, and heard their
speech amplified and mixed with noise
to mask bone-conducted feedback.
After 20 utterances of ‘‘bed’’, the
speech signal was manipulated by
moving the first and second formants
up by 200 Hz and down by 250 Hz,
respectively. If the subjects maintained
their original articulation, what they
heard would now sound like ‘‘bad’’ for
the next 30 utterances.
The adults partially compensated for
the manipulation, changing their
articulation and stabilising their output
after about 10 utterances. The young
children also compensated
appropriately, albeit less reliably. The
toddlers were indifferent to the change
in what they were hearing. None made
any compensatory shifts.This last result appears to be
inconsistent with the widespread notion
that children learn speech sounds by
imitation — that is, by self-supervised
auditory matching using self-developed
criteria of sound similarity. Such
a strategy would require of them that
they both attend to their own output
over the protracted period during which
L1 pronunciation develops and act on
any discrepancy they notice between
their output and targets internalised
from the ambient language. In this
experiment, the toddlers didn’t behave
as this would predict.
MacDonald et al. [4] discuss
reasons why their data might not be
representative of toddlers’ normal
behaviour. These will all need further
examination. However, the authors
identify two main questions that arise
assuming their results do generalise:
first, why is the development of
self-regulation of speech production
using auditory feedback delayed, rather
than being present from the start of
speech? And second, how does early
vocal learning take place in its absence?
To answer the second question,
MacDonald et al. [4] point to the series
of experiments conducted at Indiana
and Cornell, where the discovery of
non-vocal tutoring of young male
cowbirds learning to sing by
non-singing females has been
extended into evidence of a similar
paradigm operating in early child
development. In a number of
experiments with infants, the
responsiveness of social partners to
immature behavior has been shown to
be perceived and used by the young
learners to generate more advanced
forms of vocalization [5,6].For this paradigm to account for
speech sound development, social
partners must play their part.
Importantly, Pawlby [7] found that in
imitative vocal exchanges between
mothers and their infants, it was the
mothers who imitated their children
more than 90% of the time. These
results have been confirmed in
subsequent studies. Mothers reflect
(or mirror) what their children say, but
such imitation generally takes the form
of reformulation into well-formed
sounds of the ambient language,
rather than simple mimicry
(as would occur in impersonation).
So infants are presented with the
linguistic interpretation of what they
have done immediately after they do it,
one favourable condition for
associative learning [8].
The earliest proposal of socially
guided vocal learning leading to
speech that we are aware of was
made by the educationalist Caleb
Gattegno in 1962 [9]. He noted that as
soon as a baby produces sounds,
someone in the environment starts
imitating the baby. He asserted that,
‘‘It is the imitation by other people of
some of the sounds produced by
babies that channels the production
of some sounds of the mother tongue.
This is not learning of what exists
[i.e. imitation], but agreeing to separate
a set of noises among all possible
noises because of the feedback that
the language environment provides.’’
At this stage, no imitation of speech
sound qualities on the part of the
infants is involved: ‘‘Production of
sounds being spontaneous, and
similarity of these sounds with those
of the environment being only
approximate, babies do not feel the
compulsion to alter their own activity
to agree with an outer criterion.’’
He went on to describe how speech
sound equivalences create the ‘bridge’
to learning the pronunciation of words.
Gattegno’s insights have been
examined in the wider context of child
and adult speech data [10] and his
